torically, the origin of the oxygen deficit has been attributed to a lag in muscle blood flow and oxygen availability at the onset of exercise which limits mitochondrial respiration. However, more recent evidence suggests that considerable inertia exists at the level of mitochondrial enzyme activation and substrate supply. In support of this latter hypothesis, we have reported on a number of occasions that pharmacological activation of the pyruvate dehydrogenase complex (and consequent stockpiling of acetyl groups), using dichloroacetate or exercise interventions, can markedly reduce the degree of A T P re-synthesis from
Introduction
For a given work rate to be maintained, the A T P requirements of skeletal muscle must be met by the metabolic processes that are available to regenerate A T P from ADP. Both 'oxygendependent ' and ' oxygen-independent ' routes maintain A T P re-synthesis during exercise. However, it is widely accepted that oxygen-dependent A T P re-synthesis, occurring in the mitochondria, does not increase instantaneously at the onset of exercise. As a consequence, there is a concomitant activation of oxygen-independent A T P regeneration from phosphocreatine (PCr) hydrolysis and glycolysis (with the latter resulting in lactate formation) in response to pulsatile increases in levels of the A T P degradation products AMP and ADP. Once a metabolic steady state is achieved (i.e. A T P supply and demand are matched), oxygen-dependent A T P re-synthesis is the major contributor to A T P regeneration. By way of example, Bangsbo et al. [l] observed that PCr hydrolysis and glycolysis contributed -80 % of the total ATP generated during the initial 30 s of high-intensity exercise. This value declined to -45 yo during the subsequent 60-90 s, and to -30% after 120 s of exercise; this decrease appeared to be accompanied by a parallel increase in oxygen-dependent ATP re-synthesis.
It has been widely proposed that the lag in oxidative ATP re-synthesis at the onset of exercise, and the resulting activation of oxygenindependent ATP regeneration, is attributable to a finite rate of increase, or inertia, in muscle oxygen delivery [2-51. Indeed, the temporal changes in muscle oxygen utilization at the onset of exercise closely follow the increase in total limb blood flow during this period ; hence the perceived acceptability of the phrase 'oxygen deficit '. Over the past decade, however, there has been a growing body of evidence indicating that neither muscle blood flow (bulk oxygen delivery) nor capillary diffusion limit oxygen utilization, and thereby oxygen-dependent ATP re-synthesis, at the onset of exercise [6-81. For example, Grassi et al. [6] demonstrated, using a blood-perfused canine gastrocnemius muscle model, that when the delay in oxygen delivery during the rest-to-steady-state exercise transition was eliminated, there was no further increase in the rate of increase in muscle oxygen consumption over that observed under control conditions. Using the same model, the authors went on to present strong evidence to suggest that muscle oxygen diffusion also does not limit muscle oxygen utilization at the onset of exercise [7] . They concluded that probable limitations to the rate of increase in muscle oxygen consumption at the onset of exercise are 'intrinsic inertia' in mitochondrial function or heterogeneous microvascular oxygen delivery.
The pyruvate dehydrogenase complex (PDC): a site of mitochondrial inertia
The PDC is a multi-enzyme complex, located on the mitochondrial inner membrane, which regulates carbohydrate entry into the tricarboxylic acid cycle [9]. PDC catalyses the essentially irreversible reaction by which pyruvate is decarboxylated to acetyl-CoA (involving NAD' and CoA). Regulation of the rate of formation of acetyl-CoA by PDC (i.e. flux through the enzyme complex) is achieved by two strategies. The first of these is altering the fraction of PDC that exists in its active form. This is achieved by covalent modification of PDC, either from its inactive to active (dephosphorylated) state by a loosely associated PDC phosphatase, or vice versa by a number of PDC kinases. These effectors of PDC activation are sensitive to pulsatile changes in calcium availability, cellular energetics and substrate/ product accumulation [10,11]. Secondly, the rate of pyruvate oxidation by PDC is regulated by end-product inhibition of flux through the enzyme complex by NADH and acetyl-CoA. The acetyl groups produced by PDC can be utilized by the tricarboxylic acid cycle or, alternatively, can be stockpiled in the form of acetylcarnitine, presumably when acetyl-CoA re-synthesis exceeds its rate of utilization by citrate synthase [ 131. Buffering acetyl groups in this way has been proposed as a mechanism for the maintenance of a viable pool of free CoA, which is essential for tricarboxylic acid cycle flux. This highlights an important metabolic role of carnitine, in addition to its function in mitochondrial long-chain acyl group translocation [13].
In 1996, we were the first to demonstrate that pharmacological activation of the PDC, using the PDC kinase inhibitor dichloroacetate [ 14,151, markedly increased acetylcarnitine availability in resting skeletal muscle, and appreciably lowered PCr hydrolysis and lactate accumulation during subsequent intense contraction, and under conditions where blood flow and oxygen delivery were tightly controlled [16]. Subsequent to this, we demonstrated in both canine and human skeletal muscle that PCr hydrolysis and lactate accumulation at the onset of exercise were at least partly due to an inherent lag in the recruitment of mitochondrial ATP regeneration, regardless of muscle oxygen delivery [17,18]. In particular, we were able to show that activation of the PDC, using dichloroacetate, resulted in the acetylation of approx. 80% of the resting muscle carnitine pool. This was accompanied by an approx.
30% decrease in ATP re-synthesis via oxygenindependent routes after 1 min of contraction, even though muscle force re-synthesis was identical with that in the control. Following 6 min of contraction, the contribution to A T P re-synthesis from oxygen-independent routes had fallen to -50% of that observed in the control group, while tension development was better maintained [17]. It also appeared from these studies that some of the stockpiled acetyl groups, in the form of acetylcarnitine, were utilized during contraction, indicating that the mitochondria may be able to utilize more acetyl groups if a mechanism for enhanced provision is available [ 16,171.
From these investigations, it was concluded that flux through the PDC and therefore acetylCoA availability, must limit mitochondrial A T P re-synthesis at the onset of exercise, and that 'priming' of mitochondria with acetyl groups before exercise, by administering dichloroacetate, could significantly increase the overall contribution of oxidative pathways at the onset of exercise. In short, P D C activation status appears to be a key regulator of pulsatile changes in ADP availability in contracting skeletal muscle, and thereby dictates the predominant pathway for A T P regeneration during the rest-to-steady-state period. Another important finding from this series of studies was that muscle tension development could be substantially improved as a result of PCr hydrolysis and lactate accumulation being decreased at the onset of contraction [16,17], and this effect was sustainable until exercise intensity increased to a near-maximal workload [18] .
The acetyl group deficit
If inertia in the rate of increase in oxygendependent A T P regeneration at the onset of exercise does indeed reside at the level of PDC, which our previous work seemed to indicate, then it stands to reason that a period of time must exist at the onset of exercise when acetyl-CoA production via PDC is insufficient to match the requirements of the tricarboxylic acid cycle, and the concentration of acetyl-CoA should therefore decline. However, studies to date have shown that acetyl groups appear to accumulate during moderate-to-intense muscle contraction [13, 16, 19, 20] . From these findings it has been inferred that acetyl-CoA production is probably in excess of tricarboxylic acid cycle demands during contraction, which contrasts with our hypothesis that metabolic inertia resides at the level of PDC. Closer scrutiny of the relevant literature reveals, however, that studies to date have failed to investigate the metabolic events occurring within the initial seconds of contraction, or indeed at any time point during contraction prior to significant PDC activation. We therefore decided to test our contention that, early in the transition period between rest and steady state, there is a lag in mitochondria1 ATP re-synthesis, which is due in part to an inadequate supply of acetyl-CoA via PDC [21]. Using a canine hind-limb perfusion model [16], five muscle biopsy samples were obtained during the first 1 min of contraction, which we envisaged would give us sufficient resolution to elucidate the temporal relationship between PDC activation, acetyl-CoA and acetylcarnitine accumulation, and PCr hydrolysis and lactate accumulation at the onset of contraction. The results clearly demonstrated that a lag in acetyl group provision (in the form of acetyl-CoA and acetylcarnitine) occurred during the initial 20 s of contraction, which resulted from, and was mirrored by, a lag in PDC activation (Figure 1 ). This demonstrated unequivocally the existence of an ' acetyl group deficit' in contracting skeletal muscle, and was directly in line with our earlier observations that the supply of acetyl groups to the tricarboxylic acid cycle was limited at the onset of contraction. In accordance with our previous studies, the increased 'reservoir' of substrate for the tricarboxylic acid cycle was associated with decreased PCr degradation and lactate accumulation during the first 3 rnin of contraction (Figure 2 ), demonstrating that a greater contribution from mitochondrially derived A T P re-synthesis must have occurred to meet the A T P demands of contraction. T h e results also revealed that A T P re-synthesis from oxygen-independent routes was the same in dichloroacetate-treated and control animals after 3 min of contraction (Figure 2 ) and this response was paralleled by acetyl-CoA declining from its elevated concentration in the dichloroacetate-treated group (Figure 1 ). These latter findings therefore indicated specifically that the maintenance of an elevated acetyl-CoA concentration (principally from the elevated acetylcarnitine concentration via the carnitine acetyltransferase reaction) was central to overcoming the acetyl group deficit at the onset of contraction.
Potential role of exercise in overcoming the acetyl group deficit
A period of low-intensity exercise (commonly referred to as ' warm-up ' exercise) has been shown to result in the acceleration of oxygen uptake kinetics and to produce a range of positive biochemical effects during a second, more intense, bout of exercise [22-251. This effect has classically been attributed to exercise-induced increases in muscle blood flow and/or muscle temperature prior to the second bout of exercise. However, in the light of our investigations outlined above, we recently tested the hypothesis that low-intensity exercise would result in muscle acetyl group accumulation and accelerate mitochondria1 A T P re-synthesis during a subsequent bout of more intense exercise [26]. In accordance with this, we also hypothesized that oxygen consumption kinetics would be accelerated during this second bout of exercise.
T o investigate these claims, a group of healthy subjects performed 10 min of exercise at 75 yo of maximal oxygen consumption (Po,max) in the presence and absence of 10min of warm-up exercise (at 55 yo Vo,max) . T h e warm-up exercise preceded the second bout of exercise by 3 min, which we determined was sufficient time for bulk muscle blood flow to return to its basal state (using femoral artery Doppler flow measurements). Muscle biopsy samples were obtained from the vastus lateralis at predetermined time points, and pulmonary oxygen consumption kinetics were determined at rest and during the low-and moderate-intensity exercise bouts. T h e results demonstrated that the muscle acetylcarnitine con- that PCr and oxygen consumption returned to basal during this recovery period. We found that A T P re-synthesis via oxygenindependent routes during the first 1 min of exercise at 75 % Vo,max was lowered significantly when this had been preceded by low-intensity exercise. In keeping with these metabolic differences, oxygen consumption kinetics during this period were also accelerated by a previous period of low-intensity exercise. Furthermore, and in accordance with this latter finding, the oxygen deficit (calculated from the time constant and the change from baseline to steady-state VoZ) was lower when moderate-intensity exercise was preceded by low-intensity exercise, and this paralleled the decrease in oxygen-independent A T P resynthesis that was observed within muscle (Figure 3) . However, A T P re-synthesis from oxygenindependent routes, and the amplitude of the change in oxygen consumption, were no different between the two experimental groups by the end of 10min of exercise at 75% Vo,max. This contrasted with our earlier findings when dichloroacetate was used to 'prime ' mitochondria.
However, in those earlier studies, both P D C activity and acetylcarnitine were elevated prior to exercise, whereas only the acetylcarnitine concentration remained elevated following warm-up exercise [26] . Collectively, these results suggest that the acetyl group deficit at the onset of exercise can be overcome by performing low-intensity exercise prior to more intense exercise, but that both PDC activation and increased acetyl group availability are required for this effect to persist throughout the latter exercise period. Nevertheless, all of our findings to date are in accordance with the suggestion that an intrinsic lag in mitochondrial A T P resynthesis occurs at the onset of exercise, which resides at the level of mitochondrial acetyl group availability.
Summary
In conclusion, we hope that within the present review we have provided convincing evidence to support the contention that PDC activation and acetyl-CoA availability limit mitochondrial A T P re-synthesis at the onset of skeletal muscle contraction (the acetyl group deficit). Increasing the provision of acetyl groups at rest, by dichloroacetate administration or perhaps through the 279 performance of appropriately timed warm-up exercise, can overcome the acetyl group deficit and accelerate the rate of mitochondrial ATP resynthesis at the onset of exercise. T h e consequences of this are a marked blunting of ADP/AMP-mediated PCr and glycogen hydrolysis, and under some circumstances a significant improvement in contractile function. Any strategy that can increase the responsiveness of mitochondria early during muscle contraction might be expected to improve functional capacity in clinical conditions where premature fatigue is prevalent.
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